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Abstract. Today’s reality is connected with mitigation of threats from the new chemical 
and biological warfare agents. A novel investigation of cold plasmas in contact with liquids 
presented in this paper demonstrated that the chemically reactive environment produced 
by atmospheric pressure plasma jet (APPJ) is potentially capable of rapid destruction of 
chemical warfare agents in a broad spectrum. The decontamination of three different 
chemical warfare agent surrogates dissolved in liquid is investigated by using an easily 
transportable APPJ. The jet is powered by a kHz signal source connected to a low-voltage 
DC source and with He as working gas. The detailed investigation of electrical properties 
is performed for various plasmas at different distances from the sample. The measurements 
of plasma properties in-situ are supported by the optical spectrometry measurements, 
whereas the high performance liquid chromatography (HPLC) measurements before and 
after the treatment of aqueous solutions of Malathion, Fenitrothion and Dimetyl 
MetylPhosphonate. These soloutions are used to evaluate destruction and its efficiency for 
specific neural agent simulants. The particular removal rates are found to be from 56% up 
to 96% during 10 min treatment. The data obtained provide basis to evaluate APPJ’s 
efficiency at different operating conditions. The presented results are promising and could 







The omnipresent threat from the chemical and biological warfare agents have been emphasized 
in calamitous events of the last decade. In comparison to other weapons of mass destruction, 
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the Chemical Warfare (CW) agents are probably one of the most vicious weapons created by 
mankind given that they are inexpensive and relatively easy to produce, but may result in mass 
casualties even by using a small agent quantities. Within the efforts to counter this threats, 
several physical and chemical methods have been developed [1] and successfully employed in 
CW incidents.  
The chemical neutralization methods, depending on the type of the agent, are principally based 
on hydrolysis and oxidative processes, whereas in a few cases nucleophilic substitution 
reactions are also employed [1]. However, CW agents present in dilute solutions can undergo 
an efficient hydrolysis only in the alkaline surroundings, thus an efficient source of OH radicals 
is necessary for successful decontamination process. In case of oxidative processes, the crucial 
limitation for detoxification is presence of sufficient oxidant species with this condition 
depending on type of the agent and solvent used in particular situation. Nevertheless, several 
types of chemical decontaminants proved to be efficient source of both species needed for 
efficient destruction of CW agents [1]. 
However, chemical methods involve the use of large amounts of chemically hazardous 
solutions that are dangerous to the environment and require proper storage as well as disposal 
[1, 2]. Moreover, these solutions are not adequate for treatment of sensitive surfaces and 
demand safety installations in facilities for their application. Recently, the raise of novel 
emerging technologies such as photocatalytic methods and non-equilibrium plasmas is seen as 
a new promising route to safe decontamination of CW agents [2-4]. One of these technologies 
is atmospheric pressure plasma based processing, which has proved its usage versatility in 
many large-scale and industrial applications [5, 6]. Atmospheric pressure plasma jets (APPJ) 
demonstrated to be technically simple, but efficient sources of cold atmospheric pressure 
plasmas suitable for various kind of biological and medical applications. There are numerous 
reports confirming the efficiency of plasma jets in sterilization and cleaning, i.e. their effect on 
organic materials and microorganisms [7-11]. Latest direction of research, featuring plasma-
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liquid systems with APPJ, has revealed that chemically reactive environment produced by this 
type of plasma source is capable of rapid destruction of a broad spectrum of microorganisms, 
poisonous chemicals and medical drugs [12-16]. Along with these applications, we aim to 
investigate a possibility of destruction of CW agent surrogates dissolved in liquids by using an 
APPJ. 
So far, several studies investigated decontamination of CW agents (or its surrogates) by using 
different types of plasma sources [2, 17-19]. However, in these studies treatment target is a 
coupon spiked with a toxic substance, i.e. treatment is performed over very thin film of the 
substance. In a lifelike situation of a CW incident, the contaminated environment surfaces are 
covered with the film of an agent but the main contaminating activity is through an aerosol. 
Thus, an efficient decontamination of CW agents dissolved in a liquid phase would mean that 
agents in a form of aerosol will be destroyed with an even higher efficiency.  
The simple decontamination setup for investigation of our proof-of-concept is based on 
frequently used APPJ with He as working gas and its interaction with the liquid sample surface. 
The jet operating in the air generates high-energy electrons, reactive oxygen and nitrogen 
species, OH radicals, H2O2 and ultraviolet radiation which is then transferred to the liquid 
through an interface layer [20, 21]. The idea is that the reactive oxygen or nitrogen species 
produced inside the plasma jet and in the interfacial layer then subsequently react with organic 
molecules and oxidize them [22], which might lead to neutralization of CW agents. This 
hypothesis is then tested in this paper on 3 models of CW surrogates and the efficiency of 
decontamination source is evaluated.  
 
2. Experimental setup and measurement methods 
Plasma source used in this investigation was atmospheric pressure plasma jet (APPJ) with 
needle-type electrode.  The experimental setup used for treatments of CW surrogates is 
presented in Fig.1. The plasma jet Teflon housing (width 26 mm, length 125 mm) contains a 
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glass tube of 2 mm inner diameter and 4 mm outer diameter connected to the gas inlet through 
a flow regulator. The tube end protrudes shorter side of the housing by 8 mm. For all 
experiments, the helium (5.0 purity) was used as the feed gas and kept at the constant flow rate 
of 2 slm. The copper wire was placed axially inside the tube acted as a needle-type powered 
electrode. The electrode was connected through a BNC connector on top of the housing to the 
kHz signal provided by a custom made power source. The source itself was packed inside a 
plastic box 20 x 12 x 6 cm with connection plugs and a switch. It was powered by a low-voltage 
DC supply providing at the output several kilovolts signal. Output voltage range of the source 
was dependent on the DC voltage. In experiments an 8 V DC power supply with maximum 
current of 400 mA was used.  
Described atmospheric pressure plasma jet can be used as a hand-held device due to the small 
size. This feature, along with a compact power supply and ability to be powered by low-voltage 
DC source makes this system highly portable and in perspective enables the opportunity to be 
employed as a personal protection device.  
Samples for treatments were placed in a 24-well microtiter plate underneath the jet. The 
distance between the end of the jet tube and the liquid surface was fixed at 15 mm for all sample 
treatments. In all cases volume of the sample placed into the plate well was 1 ml, occupying 
approximately one half of the well volume.  
In order to allow the complete electrical characterization, the copper tape was fixed to the outer 
side of the well bottom and connected to the ground in a series with a 100 kΩ resistor. In this 
way, by measuring voltage drop at this resistor, the discharge current was monitored on the 
oscilloscope. At the same time, the high-voltage probe connected to the needle electrode 
connector was displaying driving voltage from the power supply.  
In addition to electrical measurements, the optical emission spectrometry during sample 
treatments was performed. The axis of lens, 5 mm in diameter and 3 mm focal length, was 
placed at the liquid-gas interface level. It was positioned side on, at the distance of 3 cm from 
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the central axes of the jet tube. The lens was collecting and forwarding discharge emission 
through an optical fiber connected to the entrance of Andor Shamrock 750, 750 mm focal 




Figure 1 Experimental setup for treatment of liquid samples by APPJ.  
 
 
Aqueous solutions of three chemical compounds, the surrogates of CW agents, were used in 
experiments. As simulant for nerve agent VX we used the organophosphate Malathion (92% 
purity, Sigma-Aldrich), as simulant for GD - Fenithrotion (97% purity, Sigma-Aldrich) [23], 
while Dimetyl MetylPhosphonate (DMMP) was applied as a GB agent - Sarine surrogate [23]. 
The solutions in water were prepared just before treatments, whereas the liquid 
chromatography measurements were conducted after the end of plasma treatment. No 
excessive heating of the whole sample during treatments was noticed although evaporation of 
the sample was observed. Additionally, during experiments in a microtiter plate well, the 
control sample was placed in another well in the vicinity of the experiment, and was exposed 
to the same room environment (without gas flow above). This way we accounted also for 
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evaporation of the sample placed in the open air. After the treatment, the volume of both 
samples was carefully determined before proceeding to the liquid chromatography 
measurements  
Chromatographic analysis of samples was performed on a Agilent HPLC system, model 1100 
with DAD, using Hypersil BDS-C18 (5 μl), 125 x 2 mm I.D. column (Phenomenex, USA). The 
samples were filtered through a 0.2 μm cellulose filters (Agilent technologies, Santa Clara, CA, 
USA) prior to analysis. Acetonitrile (ACN) and 1% (v/v) solution of ortho-phosphoric acid in 
water were used as mobile phases. Isocratic elution was performed with details given in Table 
1. 
 
Table 1 Details of HPLC measurement methods used for CW agent simulants 
Mobile Phase A Water with 1% phosphoric acid 
Mobile Phase B Acetonitrile 
Column Temperature 25°C 
Sample Injection Volume 10 µL 
 A% B% Flow rate Peak detection 
Malathion 40 60 1 mL/min 210 nm 
DMMP 50 50 0.5 mL/min 210 nm 
Fenitrothion 30 70 0.4 mL/min 210 nm 
 
 
Solvents for analysis (acetonitrile and ortho-phosphoric acid) were HPLC grade, obtained from 
Fisher Scientific (Loughborough, UK). Ultrapure water was generated by deionization 
(Millipore, Billerica, USA). UV detection of the signal was set at 210 nm for all three chemicals 
[24]. HP Chemstation chromatographic software (Palo Alto, CA, USA) was employed for data 
collection. 
 




Plasma treatments of CW agent surrogates by APPJ were conducted for different duration times 
for all three organophosphate compounds. In order to characterize treatment conditions for 
every treatment, the optical emissions from the discharges were recorded. In addition, the 
measurements of voltage and current waveforms for different distances between sample and 
the jet were also performed. 
 
3.1 Optical emission spectra and electrical characterization of the plasma jet 
Optical emission measurements were performed by collecting the light coming from the 
interface region between the liquid sample and plasma during treatments for all three CW agent 
simulants. Since the level of this interface was within the well, approximately at half of the 
well depth, the plastic well wall prevented transmission of any light below 350 nm. Moreover, 
at shorter distances most of the plasma was not accessible for optical emission recording due 
to the microtiter plate covering most of the volume of the plasma while for distances beyond 
21 mm plasma does not reach the liquid. Thus, discharge emission was measured in the 
wavelength range from 350 nm to 750 nm only at 15 mm distance between the jet and liquid 
surface – the position used for treatment of CW agent surrogates.  
The spectra obtained during treatments of all three chemicals were identical, indicating that the 
emitting particles were only those from the mixture of surrounding air and He excited in 
plasma. However, in the recorded spectra above 440 nm the only line visible was He line at 
706.5 nm. In Fig.2 the limited part of the spectrum of DMMP in the range from 350 nm to 
440 nm with identified nitrogen molecule lines is presented. The largest number and the 
strongest lines in this spectral range come from the Second positive system (SPS) of N2. Apart 
from this emission, the two lines of N2
+ ionic first negative system (FNS) were also visible.  
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Figure 2 Intensity normalized optical emission from the plasma region directly above the liquid 
surface for DMMP - CW surrogate at 2 slm of He flow and 15 mm distance between the jet 
and liquid surface. Second positive system (SPS) and First negative system (FNS) bands of N2 
and N2
+ are observed. 
 
The observation of both molecular and ionic lines of N2 is known for similar types of APPJs 
operating in He/air mixture [25-28]. Usually, the N2
+FNS (0,0) line intensity (at 391 nm) is 
similar or even of stronger than the strongest N2 SPS (0,0) line at 337 nm (not shown in Fig.1). 
Nevertheless, in presented case the 391 nm N2
+ line is considerably weaker than the one of the 
usually lower intensity N2 SPS lines (358 nm) that correspond to (0,1) transition. Changes in 
radiative intensities of lines of the plasma jet operating in air or in He/air mixture were observed 
before, and it was exposed that they depend on the distance of the light collection region from 
the jet tube end [29-31]. On the other hand, it has also been confirmed that properties of the 
dielectric target affect intensities of atomic and molecular emission lines and the structure of 
plasma effluent [32-34]. Since in our case the emission is recorded just above the liquid, away 
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from the jet tube, almost certainly both the decrease of excited species concentration along the 
effluent and the proximity of the liquid target affect the reduction of intensities of the N2
+ lines. 
Electrical measurements showed that with the jet position the voltage and current RMS values 
change. This is observed in Fig.3, where the distance between the jet tube end and the liquid 
sample surface correlation is plotted. The RMS values are calculated from the waveforms of 
the driving voltage and the voltage drop measured over the resistor in grounded line. At the 
shortest distance of 10 mm end of the jet tube is positioned at the brim level of the well. For 
distance above 26 mm it appears from visual observation that plasma plume is not touching 
surface of the liquid (indicated with dashed line in Fig.3).  
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Figure 3 Values of driving voltage (a) and discharge current (b) for different distances between 
the jet and liquid sample surface. 
 
Voltage RMS values have a steady rise from 1300 V up to around 1550 V with the distance 
increase, as observed in Fig.3(a). At the largest distance, when visually plasma plume is not 
connected to the liquid surface, the voltage decreases. Current RMS values in Fig.3(b) are 
significantly reduced with the distance from 10 mm to 15 mm and then they stay almost 
constant at longer distances. Again, similar to VRMS, there is a small drop in the current when 
plasma is visually detached from the liquid surface. As it has been shown before, the behavior 
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of the plasma in plasma jet systems is influenced by the gas flow, geometrical features of the 
jet tube, geometry of the electrode system and dielectric properties of the target [35-38]. As 
distance between the tip of the plasma jet tube and the substrate increases two critical changes 
will occur. Radial losses will increase with the distance thereby making the measured current 
smaller and also the abundance of air in the plasma will increase thereby increasing the losses 
of electrons and reduction of conductivity. Other possible mechanisms could affect the actual 
selfsustaining field at the tip of the developing streamer and overall distribution of the field but 
those are much more difficult to predict. Nevertheless in all scenarios an increase of the gap 
would lead to reduction of the current (provided that the available voltage is limited). 
 
3.2 Decontamination of CW surrogates 
In order to investigate effectiveness of plasma treatments on degradation of CW surrogates 
dissolved in water, the HPLC analysis were performed in the samples before and after the 
treatments. Quantification in HPLC analysis is based on calibration and calculation procedure 
that uses area or height of a peak of measured compound to determine its concentration. 
However, the peaks of CW surrogate degradation products were not identified nor quantified 
in this study, thus only comparison between the peak areas of the non-treated and treated 
samples was performed. Nevertheless, using this data we could calculate the decontamination 
efficiency and subsequently the removal rate as decontamination efficiency in 10 mins 
treatment. The decontamination efficiency is defined as (C0 - C)/C0, where C0 is quantity of an 
agent surrogate in untreated sample and C is the residue quantity of the substance. 
Measurements of control and treated samples obtained in repeated treatments returned almost 
identical results suggesting stability and repeatability of the plasma treatment. 
The HPLC results for 0.1% solution of Malathion (C10H19O6PS2) in water treated for 10 mins 
and 20 mins are presented in Fig.4. In Fig.4(a), the chromatograms of the control sample (black 
line) and treated samples (red and green) with two significant peaks are labelled in the plot. All 
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chromatograms are normalized to the final sample volume because of evaporation of the 
solvent. The initial volume of the samples are reduced for 25% and 30% after 10 min and 20 
min of treatment, respectively. The peak labelled as Peak 1 corresponds to Malathion while the 
one labelled as Peak 2 corresponds to its main degradation product Malaoxon [17, 39]. 
According to manufacturer’s specification, other peaks that are visible in the control sample 
chromatogram belong to impurities.  
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Figure 4 a) Chromatogram of control and treated samples of Malathion. b) Comparison of 
designated peak areas calculated for control and treated samples. Boxes below bars indicate 




The calculated areas of the identified peaks from different samples are compared in Fig.4(b). 
The treated samples exhibit significant decrease in the concentration of the parent molecule. 
The area of Peak 1 is reduced for both treatment durations with reduction of around 5 times for 
treatment of 10 mins. Simultaneously, Peak 2 area of the decomposition product is increased 
for about 2 and 4 times after treatments of 10 mins and 20 mins, respectively. Taking into 
account the reduction of Peak 1 area, removal rate of Malathion after 10 mins is 76%.  
Peak 1 area of the sample treated for 20 min does not show any further decrease as compared 
to the area after 10 min (Fig.4(b)). The lack of further reduction at later times can be attributed 
to the quenching of the radicals responsible for the destruction due to the higher concentrations 
of product molecules present in the solution. It has been reported in the literature that the 
destruction rate of the parent molecule can be decreased with an increase of the treatment time 
which can be attributed to the quenching of the radicals responsible for the destruction [40, 41]. 
The Peak 2 (Fig.4(b)) that represents the decomposition product exists also in the non-treated, 
control sample. This suggests that Malathion is decomposing in the aqueous solution also 
unrelated to the plasma treatment. Measurements of the control sample left at room temperature 
conducted right after making the solution, and after 15 and 30 days of preparation showed that 
in latter measurements Peak 1 area, corresponding to Malathion, is the same as in the initial 
measurement. Therefore, the decomposition process which is not induced by plasma occurs 
immediately after dissolving Malathion in water and then stabilizes, leaving the rest of the 
parent substance unchanged.  
The HPLC measured data for 0.25% solution of Fenitrothion (C9H12NO5PS) in water is 
presented in Fig.5. After the treatment of 10mins and 20mins the samples have reduced its 
volumes for 30% and 50%, respectively, in comparison to the control sample. The volume-
normalized chromatograms of the control (black line) sample and samples treated for 10 mins 
and 20 mins (red and green) with three significant peaks labelled in the plot is shown in Fig. 
5(a). Similar to the Malathion sample, the Peak 1 corresponds to the parent molecule, i.e. 
Fin
al
Fenitrothion, while Peak 2 and Peak 3 belong to its main degradation products [42]. Unlike for 
the Malathion, where peaks in all chromatograms are separate, in treated Fenitrothion samples 
peaks of degradation products overlap. However, by changing the measurement method 
parameters with the existing HPLC setup it was not possible to improve separation of the peaks. 
Therefore, in order to compare peak areas, two Gauss-shaped peaks were deconvoluted from 
the envelope signal of overlapping peaks which appeared in the retention time (RT) range 
between 0.4 min and 0.9 min for all chromatograms. This example deconvolution is presented 
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Figure 5 a) Chromatogram of control and treated samples of Fenitrothion. b) Comparison of 
designated peak areas calculated from control and treated samples. Boxes below bars indicate 
processing time in minutes. 
 
Comparison of identified peak areas from different chromatograms is exposed in Fig.5(b). 
After treatment of 10 min, the Peak 1 (parent molecule) almost vanishes with the area from 
almost 6000 mAUs trimmed down to around 200 mAUs (30 times reduction). Additional 
10 mins of treatment causes only minor continuation of agent simulant destruction. Taking into 
account the reduction of area of Peak 1, the removal rate of Fenitrothion after treatment of 
10 mins is 96%. However, both peaks of the decomposition products (Peak 2 and Peak 3) 
exhibit increase with longer treatment time, displaying that parent molecule and maybe some 
of the decomposition products continuously degrade during treatment.  
The measurements of non-treated and treated samples of 5% aqueous solution of DMMP 
(C3H9O3P) by HPLC device are revealed in Fig.6. Counter to the previous CW agent 
surrogates, volumes of the treated samples are only slightly changed – reduction up to 10% of 
the initial volume. The chromatograms normalized to the post-treatment sample volume of the 
control (black line) sample and samples treated for 10 min and 20 min (red and green) are 
plotted in Fig.6(a) with major peaks labelled. Since the chromatogram of DMMP control 
sample extends until 4 min of RT, the inset zooms in the range from the starting point up to 
RT=1.3 min, i.e. immediately after detection of the parent molecule peak (Peak 1). All 
decomposition products (Peak 2-Peak 4) appear in the time before the parent molecule peak. 
In this case as well, the peaks of decomposition products overlap, so deconvolution of the 
measured signal by using Gauss-type functions is performed. Following our assumption of 3 
major decomposition products [43-45], 4 peaks (including the one of parent molecule) are fitted 
in the RT range from 0.64 min to 1.13 min. The fitted functions to the chromatogram of 20 min 
treatment (dashed lines) with decomposition product peaks designated by Peak 2 – Peak 4 are 









































Figure 6 a) Chromatogram of control and treated samples of Dimetyl MetylPhosphonate 
(DMMP). b) Comparison of designated peak areas calculated from control and treated samples. 
Boxes below bars indicate processing time in minutes. 
 
Areas of all identified peaks obtained from chromatograms are exposed in Fig.6(b). Practically, 
the only peak detected in the control sample is the parent molecule Peak 1 with the reduction 
of the peak area of 2.3 times after 10 min of treatment which results in removal rate of 56%. 
After 20 min of treatment, the area is reduced 2.4 times compared to the control sample. 
Nevertheless, peak areas of the decomposition products, which appear after 10 min treatment, 
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are significantly higher at the end of the 20 min treatment time, for Peak 2 and Peak 4 - 2.4 
times higher while Peak 3 is 2 times higher. Therefore, the destruction process obviously 
persists in the extended time treatments, but further quantitative analysis of decomposition 





































Figure 7. Relative abundance of the target compound (contaminant) as a function of the 
treatment time. The distance between the plasma jet and liquid target was 15 mm and helium 
flow was 2 slm for all three contaminants. 
 
In Figure 7 we show the reduction of the abunda ce for all three contaminants. We can see that 
plasma treatment has the highest efficiency in the case of fenitrothion (reduction almost by 100 
%) while reduction for malation and DMMP are of the order of 60%. Concerning the treatment 






In this paper, a possibility of application of APPJ for decontamination of CW agent surrogates 
dissolved in water is examined. This approach takes into account the fact that most of the CW 
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agents are spread in form of aerosols or liquids, therefore the destruction of the liquid phase 
CW is the most important for a successful implementation of decontamination. Recently, the 
presented models demonstrated that the efficiency of the plasma liquid interactions is higher, 
when the liquid is in the form of droplets [46, 47]. That being said, carrying out plasma 
decontamination in liquid is the most difficult case to perform. Nevertheless, these results also 
show promise for treatment of droplets and aerosol decontamination that is more difficult to 
quantify and thus we focused on liquid samples. Before investigation of the decontamination 
efficiency in liquid samples, the systematic investigation of the electric characteristics of APPJ 
while treating a liquid sample at different conditions, i.e. distances between the jet and liquid 
surface was performed. The measurements of voltage RMS values displayed only minor 
increase with the increasing distance, while the current RMS values drop sharply as the distance 
increase to 15 mm and then stay almost constant at longer gaps. Changes in voltage and current 
are correlated with changes in air/He mixture due to different position between the jet and the 
microtiter plate. As the first step in the study of the efficiency of decontamination, we examined 
here the destruction of agents at fixed position of 15 mm above the liquid surface. 
Optical emission spectroscopy of the plasma-liquid interaction volume was also performed. 
However, the comparison of measured opt cal emission spectra during treatments of all three 
agent simulants in the wavelength range from 350 nm to 750 nm showed no differences, 
meaning that observable emission comes only from particles in air/He mixture excited in 
plasma. Accordingly, the most abundant lines belong to nitrogen molecule species which emit 
below 440 nm and one He line at 706.5 nm.  
HPLC analysis of liquid samples before and after the treatment confirmed that significant and 
efficient degradation of all CW surrogates could be achieved. The destruction of the parent 
substance is detected on the basis of its peak area reduction and the appearance of new peaks 
in chromatograms of treated samples. The removal rates of toxic chemicals after 10 min of 
treatment ranged from 56% in case of DMMP (GB agent surrogate), to 76% for Malathion (VX 
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agent) and even 96% for Fenitrothion (GD agent). Efficient destruction of simulant chemicals 
exhibits a promise that this kind of cold plasma treatments could be successful for removal of 
the real CW agents from surfaces and aerosols by personalized tools.  
However, for now the open questions are whether the remaining decomposition products are 
still harmful and whether these byproducts could be fragmented further by plasma treatment. 
For instance, in case of Malathion, the main product of destruction is Malaoxon that is also 
highly toxic. Nevertheless, the precise determination of mass spectra of treated samples would 
enable identification and characterizations of the decomposition products of CW agent 
surrogates as well as their toxicity level. All this data would be valuable for evaluation of 
APPJ's efficiency at different operating conditions and further optimization of the 
decontamination process. Recent advances in understanding of the physics and chemistry of 
the breakdown in liquids [20, 21] open new possibilities to optimize removal of contaminants 
even as dangerous as CW agents. In general these techniques may be employed for removal of 
a broad spectrum of contaminants from water supplies. 
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